Featured Application: To improve energy efficiency while also ensuring position tracking accuracy, this paper gives the design and the analysis of a separate metering electro-hydraulic servo system with varying supply pressure for a rolling shear. This work is also suitable for similar engineering applications.
Introduction
A hydraulic roller shear is used to cut steel plates into a certain size on a rolling production line. When the rolling shear is driven by two hydraulic cylinders, an upper blade is rapidly rolling on the steel plate to cut it. If the trajectory of the upper blade is inaccurate, it will affect the quality of the shear section of the steel plate. Therefore, the trajectories of the hydraulic cylinders need to be precisely controlled for better quality. However, the traditional four-sided spool-valve-controlled system In Section 2 of the paper, a VSP-SMEHSS is proposed and modeled. In Section 3, the design of a supply pressure regulator (SPR) is presented. Then, the positions and pressures of controllers are designed using the DSC method combined with both the TD and the NDO. In Section 4, experimental results are presented to show the effectiveness of the proposed control method and the feasibility of the energy-saving aspect of the proposed control method. Based upon the results, conclusions are drawn and presented in Section 5.
Working Principle of a Rolling Shear and Schematic of an Electro-Hydraulic Servo System

Working Principle of a Rolling Shear
A hydraulic rolling shear is a device used for shearing steel plates in rolling production lines. It is mainly composed of an upper blade, connecting rods and two hydraulic cylinders (Figure 1 ). Figure 2 illustrates the work cycle of a rolling shear. The two hydraulic cylinders push the connecting rods to drive the upper cutting edge to perform the rolling motion. At the beginning of the work cycle, the hydraulic cylinders on both sides are retracted, while the upper blade is at the highest position ( Figure 2a ). Then, the left-hand hydraulic cylinder extends, and the upper blade descends to start cutting a steel plate ( Figure 2b ). When cutting, the hydraulic cylinders on both sides harmoniously drive the upper blade to create the rolling motion on the steel plate ( Figure 2c ). When the cutting finishes, the right-hand hydraulic cylinder retracts, whereas the upper blade is lifted up to prepare for the next work cycle (Figure 2d ). Figure 3 shows the position curves of the two hydraulic cylinders during one work cycle.
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Working Principle of a Rolling Shear
A hydraulic rolling shear is a device used for shearing steel plates in rolling production lines. It is mainly composed of an upper blade, connecting rods and two hydraulic cylinders ( Figure 1 ). Figure 2 illustrates the work cycle of a rolling shear. The two hydraulic cylinders push the connecting rods to drive the upper cutting edge to perform the rolling motion. At the beginning of the work cycle, the hydraulic cylinders on both sides are retracted, while the upper blade is at the highest position ( Figure 2a ). Then, the left-hand hydraulic cylinder extends, and the upper blade descends to start cutting a steel plate ( Figure 2b ). When cutting, the hydraulic cylinders on both sides harmoniously drive the upper blade to create the rolling motion on the steel plate ( Figure 2c ). When the cutting finishes, the right-hand hydraulic cylinder retracts, whereas the upper blade is lifted up to prepare for the next work cycle ( Figure 2d ). Figure 3 shows the position curves of the two hydraulic cylinders during one work cycle. 
Electro-Hydraulic Servo System
The schematic of the proposed VSP-SMEHSS is shown in Figure 4 . The proposed system consists of two hydraulic cylinders, four servo valves, two servo-hydraulic pumps, and two relief valves. The two hydraulic cylinders work in the same way. The inlets and the outlets of the cylinders are driven by two separate servo valves. A relief valve is used to ensure that the system pressure does not exceed the maximum allowable pressure. For the left-hand hydraulic cylinder, shown in Figure 4 , the hydraulic system contains two control loops. One is the displacement closed loop at the inlet, which is used to control the trajectory of the hydraulic cylinder using valve 1. This helps in accurately following a given signal. The other is the pressure closed loop. The back pressure should be controlled accurately, and the control loop needs a fast dynamic response. Therefore, valve 2 is utilized rather than a proportional relief valve. A variable pump is used to provide pressure for the entire system, whereas the pressure is proportional to an input signal. The supply pressure changes with the change in load force, which reduces the pressure drop of a valve's orifice. Due to this reason, the system's energy consumption is reduced. 
Electro-Hydraulic Servo System Modeling
In order to derive the control law, the EHSS must be modeled. For the system shown in Figure  4 , the two cylinders are controlled in the same way. The control system on the left-hand side (shown in Figure 4 ) is modeled. This system can be divided into two subsystems, namely the position servo 
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Electro-Hydraulic Servo System Modeling
In order to derive the control law, the EHSS must be modeled. For the system shown in Figure 4 , the two cylinders are controlled in the same way. The control system on the left-hand side (shown in Figure 4 ) is modeled. This system can be divided into two subsystems, namely the position servo system at the inlet and the pressure servo system at the outlet. The two subsystems are modeled as follows.
Modeling of the Position Servo System
In the position control loop, a servo valve is used to control the trajectory of the hydraulic cylinder x L to follow a given signal x d . The force on the hydraulic cylinder can be given using Equation (1):
..
where m is the total mass of the piston, f L is the load force, which is related to the thickness and the material of the steel plate and the shear speed and time, b is the viscous damping coefficient and ∆e 2 is the uncertainty due to parameter perturbation, modeling errors, and disturbances. Since the natural frequency of the valve is much higher than the natural frequency of the system, the valve's dynamics can be regarded as a proportional component. The relationship between the spool displacement and the input signal is given by Equation (2):
where x v1 is the spool's displacement, k s1 is the valve gain and u 1 is the signal input to the valves; q 1 represents the flow at the inlet, which is related to the opening of the valve orifice x v1 and the pressure drop ∆p 1 [27] , and is obtained using Equation (3):
where k v1 is the flow coefficient and ∆p 1 is the pressure drop of the valve, which is given by Equation (4):
where p s is the supply pressure and p o is the tank pressure.
For the chamber at the inlet, according to the flow continuity equation, Equation (5) is obtained and shown as following:
.
where β e is the effective oil bulk modulus, p 1 is the pressure of the piston chamber, p 2 is the pressure of the rod chamber, A 1 is the area of the piston, A 2 is the effective area of the rod, x L is the displacement of the rod, V 1 and V 2 are the initial volumes of the cylinder chambers, including the chamber volume of the connected pipeline, C ep1 is the external leakage coefficient, C ip1 is the internal leakage coefficient and ∆e 3 is a variable arising from parameter perturbation, modeling errors, and disturbance.
Considering that u 1 is the system input and x L is the system output, the system state variable is defined using Equation (6):
According to Equations (1)-(5), the model of the position servo system can be illustrated using Equation (7):
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V 1 A 1 and θ i2 and θ i3 are the uncertainties due to modeling errors, parameter uncertainties, and disturbance caused by the varying supply pressure. An NDO is designed to compensate for θ i2 and θ i3 (as explained in Section 4).
Modeling of the Pressure Servo System
In the pressure control loop, a servo valve is used to regulate the cylinder's back pressure for a given signal. Similarly, the valve's dynamics is regarded as a proportional component. The relationship between the displacement of the spool and the input signal can be expressed as follows:
Since the natural frequency of the valve is much higher than the natural frequency of the system, the relationship between the spool displacement and the input signal is represented using Equation (9):
where x v2 is the spool's displacement, k s2 is the valve's gain and u 2 is the signal input to the valves. The flow at the outlet q 2 , which is related to the opening of the valve's orifice x v2 , is given by Equation (10):
where k v2 is the flow coefficient, and ∆p 2 is the pressure drop of the valve [27] , which is given by Equation (11):
For the chamber at the outlet, according to the flow continuity equation, Equation (12) is obtained and shown as following:
where β e is the effective oil bulk modulus, p 2 is the pressure of the rod chamber, A 2 is the effective area of the rod, x L is the displacement of the rod, V 2 is the initial volume of the cylinder chamber, C ep2 is the external leakage coefficient, C ip2 is the internal leakage coefficient and ∆e 1 is the uncertainty due to parameter perturbation, modeling errors, and disturbance.
Considering that u 2 is the system input and p 2 is the system output, according to Equations (9)-(12), the state space equation of the system can be written as Equation (13):
where x o1 is the state variable,
x L , and θ o1 is the uncertainty due to modeling error, parameter uncertainties, and disturbance. Similarly, an NDO is designed to compensate for θ o1 .
Design of the Controller
As shown in Figure 5 , the controller consists of an SPR, a position controller, and a cylinder pressure controller. The SPR adjusts the system's supply pressure according to the magnitude of a load force. Due to this reason, the system pressure matches the load force, thereby reducing the throttling losses of valves' orifices and achieving energy-saving effects. The position controller is used to control the displacement of the cylinder to follow a given motion signal, thus ensuring that the upper blade of the rolling shear is accurately moving according to the trajectory. The pressure controller is used to regulate the pressure in the cylinder chamber near a reference signal.
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Supply Pressure Regulator
Generally, the supply pressure of an EHSS remains constant and is often set to a large value to ensure that the system produces sufficient force. Since the inlet and the outlet of a hydraulic cylinder are controlled by the same spool when the load force is small, the supply pressure results in a large pressure drop at a valve's orifice and increases the system temperature.
The VSP-SMEHSS proposed in this paper breaks the mechanical connection between the inlet and the outlet, whereas the supply pressure changes with the change in load. When the load force is small, the supply pressure becomes small, due to which the pressure drop at a valve's orifice decreases. Since the back pressure of the hydraulic cylinder can be controlled separately, the back pressure is set to a smaller value to reduce throttling losses of the outlet orifice, thus achieving energy-saving effects.
In this paper, an electro-hydraulic proportional variable pump was used as a hydraulic source. The output pressure of the variable pump is proportional to the input signal. Considering the hysteresis characteristics of the variable pump, the output pressure can be expressed using Equation (14):
where pump p is the output pressure, p u is the input signal and 0 t is the response time of the variable pump. For the position servo system, the minimum required pressure 1 s p is given by Equation (15):
where L f is the load force, 2 p is the back pressure, 
where p pump is the output pressure, u p is the input signal and t 0 is the response time of the variable pump. For the position servo system, the minimum required pressure p s1 is given by Equation (15):
where f L is the load force, p 2 is the back pressure, ∆P 1 is the adjustment margin and ∆P v1 is the pressure drop across the valve's orifice. For the pressure servo system, the required minimum supply pressure p s is given by Equation (16):
where P d is the reference signal and ∆P 2 is the adjustment margin. Therefore, the control law of an oil SPR is expressed using Equation (17):
It should be noted that the maximum acceleration of the load is given by Equation (18):
According to Equation (18), it is known that a larger ∆P 1 can generate a larger acceleration, which means that the load can quickly track the command signal. However, a large ∆P 1 will result in a higher p s1 , which means that the system will generate a larger throttling loss. Similarly, a larger ∆P 2 results in a higher p s2 . Therefore, the choices of ∆P 1 and ∆P 2 requires a trade-off between the system dynamics and the energy-saving effects.
Design of the Position Controller
Many researchers have studied control algorithms for EHSSs. In a previous study [28] , a two-loop control structure of a position-pressure master-slave controller in a rolling shear hydraulic system was studied. However, the nonlinear characteristics of the system were not considered in the design process of the controller. The DSC algorithm can handle nonlinear problems [29] [30] [31] [32] . However, a first-order filter used in the DSC limits the performance of the controller. In this section (Section 4.2), based on NDO and TDDSC control methods, a position controller was designed. An NDO was used to observe the disturbance in the system. The first-order filter of the NDO was replaced by a TD, which has a better performance than the first-order filter used in the DSC [33] . The TD used in this paper is expressed using Equation (19):
where v is the input, x 1 is the tracking output of v and x 2 is the tracking output of the derivation of v; R, a 1 , and f 1 are the gain of TD, and they are positive, which determine the tracking speed of TD; a 2 and f 2 determine the differentiation effect of the TD. The detailed parameter-tuning method was described in the literature [33] . The design of the position controller is divided into three steps using the TDDSC method. In this paper, symbolˆrepresents the estimate of a variable, symbol represents the estimate error of a variable. For example, A is a variable,Â is used to denote the estimate of A, whereas A is used to represent the error in the estimate of A, which means the relationship: A = A −Â. The error state variables are defined using Equation (20):
where α 1 and α 2 are the virtual control variables.
Step 1:
The first error surface e 1 is defined using Equation (21):
The derivative of Equation (21) is given by Equation (22):
Furthermore, the virtual control variable α 1 is given by Equation (23):
where k 1 is the controller gain and k 1 > 0. When the Lyapunov function is expressed as V 1 = 1 2 e 2 1 , Equation (24) is obtained and shown as following:
As long as e 2 converges to 0 and k 1 > 0, it can be guaranteed that . V 1 < 0. Therefore, step 2 is needed.
Step 2:
The second error surface e 2 is defined using Equation (25):
The derivative of e 2 is given by Equation (26):
where . α 1 is obtained using the TD, which is given by Equation (19) . In order to estimate θ i2 , the following NDO is designed (Equation (27)):
where η i2 is the observer gain (η i2 > 0), which is related to the convergence speed of the NDO, and σ i2 is the internal variable. Furthermore, the virtual control variable α 2 is given by Equation (28):
where k 2 is the controller gain,ˆ. α 1 is obtained using TD andθ i2 is the observed uncertainty. When the Lyapunov function is described as V 2 = V 1 + 1 2 e 2 2 , Equation (29) is obtained and shown as following:
As long as e 3 , θ i2 , andˆ. α 1 converge to 0 and k 2 > 0, it can be guaranteed that . V 2 < 0. Therefore, step 3 is devised.
Step 3:
The second error surface e 3 is defined using Equation (30):
The derivative of e 3 is given by Equation (31):
The control law is obtained using Equation (32):
where k 3 is the controller gain and k 3 > 0. Furthermore,ˆ. α 2 is obtained using the TD given in Equation (19) .θ i3 is obtained using the NDO (Equation (33)), shown as follows:
where η i3 is the observer gain (η i3 > 0), which is related to the convergence speed of the NDO, and σ i3 is the internal variable.
Design of the Pressure Controller
The pressure controller is designed to control the cylinder outlet chamber pressure p 2 to follow a given signal p d . Similarly, according to Equation (13), the control law is given by Equation (34):
where k is the controller gain,
x L β e V 2 −A 2 x L ; e o is the tracking error and is given by: e o = p 2 − p d ;θ o1 is the estimated uncertainty in the system, which is obtained using the NDO (Equation (35)):
where η o1 is the observer gain (η o1 > 0), which is related to the convergence speed of the NDO, and σ o1 is the internal variable.
Stability Analysis
In order to verify the stability and the convergence of the position controller, for the position servo system, the Lyapunov function is written as: V i = V 2 + 1 2 e 3 2 , and results in Equation (36):
Equation (37) shows the assumptions used here, and is written as:
Based on Equations (36) and (37), Equation (38) is expressed as:
When the inequality is solved, the non-negative Lyapunov function V i is bounded by the condition given in the inequality, shown in Equation (39):
When all the initial conditions satisfy the condition: V i (0) ≤ ϕ, any positive number ϕ is chosen and k ≥ 1 + ε 2 4ϕ , and then V i (t) ≤ ϕ is guaranteed for all t > 0. The tracking error can converge to a sufficiently small neighbor of zero, and the stability is proved. A similar process is applicable to the pressure controller and is not presented here.
Experiments
In order to verify the VSP-SMEHSS proposed in this paper, a test rig was constructed. The TDDSC, DSC, active disturbance rejection controller (ADRC), and proportional-integral-derivative (PID) algorithms were utilized for the purpose of comparing results. Finally, the energy consumptions between the VSP-SMEHSS and the EHSS were compared.
Test Rig
The test rig used in this work is shown in Figure 6 . Figure 7 shows the schematic of the test rig. Valves 3.1 and 3.2 controlled hydraulic cylinder 5. Pump 1.1 is a electro-hydraulic proportional variable pump, which can maintain system pressure near a given signal. Relief valve 2.1 was used to set the safety pressure of the system. Hydraulic cylinder 8 was used to generate a load force onto hydraulic cylinder 5. Directional valve 9 was used to control the direction of the loading force, while relief valve 2.2 was used to control the magnitude of the loading force. Table 1 shows the main parameters of the test rig.
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Experiments
Test Rig
The test rig used in this work is shown in Figure 6 . Figure 7 shows the schematic of the test rig. Valves 3.1 and 3.2 controlled hydraulic cylinder 5. Pump 1.1 is a electro-hydraulic proportional variable pump, which can maintain system pressure near a given signal. Relief valve 2.1 was used to set the safety pressure of the system. Hydraulic cylinder 8 was used to generate a load force onto hydraulic cylinder 5. Directional valve 9 was used to control the direction of the loading force, while relief valve 2.2 was used to control the magnitude of the loading force. Table 1 shows the main parameters of the test rig. 
Position/Pressure Tracking Experiments
Firstly, compared to the ADRC algorithm and the PID algorithm, the TDDSC algorithm was tested to evaluate the tracking accuracy of the displacement controller. The back pressure was set to be 4 MPa, whereas the position reference curve and the load curve during the test are shown in Figure 8 . A large number of parameter sets were verified in order to make sure that the TDDSC controller worked with the highest performance. The TDDSC controller parameters have the values shown as following: k 1 = 50, k 2 = 40, k 3 = 400, R = 10, a 1 = 0.9, a 2 = 0.8, f 1 = 0.8, f 2 = 0.5, and η o1 = 100. The PID controller parameters were tuned using the Ziegler-Nichols tuning rule [34] . The parameters of PID are [40, 25, 0] . The control law of the ADRC is given by Equations (40) and (41): The tracking errors of the TDDSC, ADRC, and PID algorithms are shown in Figure 9 . Since the supply pressure causes disturbance to the system, the ADRC algorithm oscillates, when the cylinder retracts. Although the PID algorithm does not oscillate, the tracking error is still large. The root-mean-square errors (RMSEs) of the TDDSC, ADRC, and PID algorithms have values of 0.47, 1.25 and 2.24 mm, respectively. Since the uncertainty in the model is observed by the NDO, the TDDCS algorithm has higher tracking accuracy, which indicates that the designed position controller meets the requirements. Figures 10 and 11 show the estimated values for 2i θ and 3i θ , respectively, which indicated that the designed NDO works properly. The initial values of parameters for the ADRC were determined by the method mentioned in the literature [35] , and minor adjustments were required to make sure that the ADRC worked with the highest performance. The parameters of the ADRC are as follows:α = 0.75, β = 1.5, γ = 1.5, δ = 0.1, λ 1 = 6, λ 2 = 1.5, λ 3 = 0.05, ϕ 1 = 100, ϕ 2 = 300, and ϕ 3 = 1000.
The tracking errors of the TDDSC, ADRC, and PID algorithms are shown in Figure 9 . Since the supply pressure causes disturbance to the system, the ADRC algorithm oscillates, when the cylinder retracts. Although the PID algorithm does not oscillate, the tracking error is still large. The root-mean-square errors (RMSEs) of the TDDSC, ADRC, and PID algorithms have values of 0.47, 1.25 and 2.24 mm, respectively. Since the uncertainty in the model is observed by the NDO, the TDDCS algorithm has higher tracking accuracy, which indicates that the designed position controller meets the requirements. Figures 10 and 11 show the estimated values forθ i2 andθ i3 , respectively, which indicated that the designed NDO works properly. The tracking errors of the TDDSC, ADRC, and PID algorithms are shown in Figure 9 . Since the supply pressure causes disturbance to the system, the ADRC algorithm oscillates, when the cylinder retracts. Although the PID algorithm does not oscillate, the tracking error is still large. The root-mean-square errors (RMSEs) of the TDDSC, ADRC, and PID algorithms have values of 0.47, 1.25 and 2.24 mm, respectively. Since the uncertainty in the model is observed by the NDO, the TDDCS algorithm has higher tracking accuracy, which indicates that the designed position controller meets the requirements. Figures 10 and 11 show the estimated values for 2i θ and 3i θ , respectively, which indicated that the designed NDO works properly. The tracking errors of the TDDSC, ADRC, and PID algorithms are shown in Figure 9 . Since the supply pressure causes disturbance to the system, the ADRC algorithm oscillates, when the cylinder retracts. Although the PID algorithm does not oscillate, the tracking error is still large. The root-mean-square errors (RMSEs) of the TDDSC, ADRC, and PID algorithms have values of 0.47, 1.25 and 2.24 mm, respectively. Since the uncertainty in the model is observed by the NDO, the TDDCS algorithm has higher tracking accuracy, which indicates that the designed position controller meets the requirements. Figures 10 and 11 show the estimated values for 2i θ and 3i θ , respectively, which indicated that the designed NDO works properly. In another experiment, the tracking accuracies of the TDDSC and DSC algorithms were evaluated. Their tracking errors are shown in Figure 12 . Since a TD is applied to the TDDSC controller, the performance of the TD is better than that of the first-order filter in the DSC. Therefore, the tracking accuracy of the TDDCS control algorithm is higher, and it is not easy to generate oscillations. In another experiment, the tracking accuracies of the TDDSC and DSC algorithms were evaluated. Their tracking errors are shown in Figure 12 . Since a TD is applied to the TDDSC controller, the performance of the TD is better than that of the first-order filter in the DSC. Therefore, the tracking accuracy of the TDDCS control algorithm is higher, and it is not easy to generate oscillations.
In another experiment, the tracking accuracies of the TDDSC and DSC algorithms were evaluated. Their tracking errors are shown in Figure 12 . Since a TD is applied to the TDDSC controller, the performance of the TD is better than that of the first-order filter in the DSC. Therefore, the tracking accuracy of the TDDCS control algorithm is higher, and it is not easy to generate oscillations. In order to verify the influence of varying supply pressure, the load force was set to 1 kN, and the supply pressure was varied according to the curve shown in Figure 13 . The displacement tracking errors of the TDDSC, ADRC, and PID control algorithms are shown in Figure 14 . It can be seen that the error of the TDDSC algorithm is smaller than those of the ADRC and PID algorithms, which indicates that the TDDCS algorithm can suppress the disturbance caused by the varying supply pressure. In order to verify the influence of varying supply pressure, the load force was set to 1 kN, and the supply pressure was varied according to the curve shown in Figure 13 . The displacement tracking errors of the TDDSC, ADRC, and PID control algorithms are shown in Figure 14 . It can be seen that the error of the TDDSC algorithm is smaller than those of the ADRC and PID algorithms, which indicates that the TDDCS algorithm can suppress the disturbance caused by the varying supply pressure.
In another experiment, the tracking accuracies of the TDDSC and DSC algorithms were evaluated. Their tracking errors are shown in Figure 12 . Since a TD is applied to the TDDSC controller, the performance of the TD is better than that of the first-order filter in the DSC. Therefore, the tracking accuracy of the TDDCS control algorithm is higher, and it is not easy to generate oscillations. In order to verify the influence of varying supply pressure, the load force was set to 1 kN, and the supply pressure was varied according to the curve shown in Figure 13 . The displacement tracking errors of the TDDSC, ADRC, and PID control algorithms are shown in Figure 14 . It can be seen that the error of the TDDSC algorithm is smaller than those of the ADRC and PID algorithms, which indicates that the TDDCS algorithm can suppress the disturbance caused by the varying supply pressure. For the pressure controller, experiments were conducted to evaluate the tracking accuracies of the TDDSC and PID algorithms. The reference pressure was set to be 4 MPa, while the hydraulic cylinder was moved according to the reference trajectory shown in Figure 8 . Figure 15 shows the pressure of the rod chamber. The RMSEs of the TDDSC and PID algorithms are 0.08 and 0.22 MPa, respectively. Due to the nonlinear characteristics of the pressure servo system and the uncertainty of the system, the RMSE of the TDDSC algorithm is less than that of the PID algorithm, which indicates that the designed pressure controller meets the requirements of accuracy. For the pressure controller, experiments were conducted to evaluate the tracking accuracies of the TDDSC and PID algorithms. The reference pressure was set to be 4 MPa, while the hydraulic cylinder was moved according to the reference trajectory shown in Figure 8 . Figure 15 shows the pressure of the rod chamber. The RMSEs of the TDDSC and PID algorithms are 0.08 and 0.22 MPa, respectively. Due to the nonlinear characteristics of the pressure servo system and the uncertainty of the system, the RMSE of the TDDSC algorithm is less than that of the PID algorithm, which indicates that the designed pressure controller meets the requirements of accuracy.
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Analysis of the Energy-Saving Characteristics
In order to analyze the energy-saving characteristics of the VSP-SMEHSS proposed in this paper, further experiments were carried out to compare the energy consumptions of the EHSS and the VSP-SMEHSS. The EHSS consisted of a pressure-compensated pump, a servo valve, and a hydraulic cylinder. The output pressure of the pump was adjusted to 15 MPa. The supply pressure, the pressures of the two hydraulic chambers, and the load force of the VSP-SMEHSS and the EHSS are shown in Figures 16 and 17 , respectively. 
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In order to analyze the energy-saving characteristics of the VSP-SMEHSS proposed in this paper, further experiments were carried out to compare the energy consumptions of the EHSS and the VSP-SMEHSS. The EHSS consisted of a pressure-compensated pump, a servo valve, and a hydraulic cylinder. The output pressure of the pump was adjusted to 15 MPa. The supply pressure, the pressures of the two hydraulic chambers, and the load force of the VSP-SMEHSS and the EHSS are shown in Figures 16 and 17 , respectively. In Figure 16 , the value of s p changes during the entire work cycle. When the load force is large, a higher s p value is required. When the load force is small, a lower s p value is required. The back pressure of the hydraulic cylinder was maintained at 4 MPa throughout the work cycle. Figure  18 shows the energy consumptions of the EHSS and the VSP-SMEHSS, which indicates that the throttling losses in the VSP-SMEHSS were reduced. Figure 19 shows the total energy consumptions of the VSP-SMEHSS and the EHSS during one work cycle. Compared with that of the EHSS system, the energy consumption of the VSP-SMEHSS can be reduced by 44.6%. In Figure 16 , the value of p s changes during the entire work cycle. When the load force is large, a higher p s value is required. When the load force is small, a lower p s value is required. The back pressure of the hydraulic cylinder was maintained at 4 MPa throughout the work cycle. Figure 18 shows the energy consumptions of the EHSS and the VSP-SMEHSS, which indicates that the throttling losses in the VSP-SMEHSS were reduced. Figure 19 shows the total energy consumptions of the VSP-SMEHSS and the EHSS during one work cycle. Compared with that of the EHSS system, the energy consumption of the VSP-SMEHSS can be reduced by 44.6%. Figure 17 . Values of s , 1 , 2 , and L of the separate metering electro-hydraulic servo system with varying supply pressure (VSP-SMEHSS).
In Figure 16 , the value of s p changes during the entire work cycle. When the load force is large, a higher s p value is required. When the load force is small, a lower s p value is required. The back pressure of the hydraulic cylinder was maintained at 4 MPa throughout the work cycle. Figure  18 shows the energy consumptions of the EHSS and the VSP-SMEHSS, which indicates that the throttling losses in the VSP-SMEHSS were reduced. Figure 19 shows the total energy consumptions of the VSP-SMEHSS and the EHSS during one work cycle. Compared with that of the EHSS system, the energy consumption of the VSP-SMEHSS can be reduced by 44.6%. with varying supply pressure (VSP-SMEHSS).
In Figure 16 , the value of s p changes during the entire work cycle. When the load force is large, a higher s p value is required. When the load force is small, a lower s p value is required. The back pressure of the hydraulic cylinder was maintained at 4 MPa throughout the work cycle. Figure  18 shows the energy consumptions of the EHSS and the VSP-SMEHSS, which indicates that the throttling losses in the VSP-SMEHSS were reduced. Figure 19 shows the total energy consumptions of the VSP-SMEHSS and the EHSS during one work cycle. Compared with that of the EHSS system, the energy consumption of the VSP-SMEHSS can be reduced by 44.6%. Figure 19 . Total energy consumptions of the EHSS and the VSP-SMEHSS.
Conclusions
In order to save energy, a VSP-SMEHSS for the rolling shear was proposed. An SPR was designed to match the supply pressure with the load force. Therefore, the throttling losses of valves' orifices were reduced, and the purpose of reducing energy consumption was achieved. The position controller and the pressure controller were designed using the TDDSC algorithm and an NDO. The disturbance caused by the varying supply pressure was consumed, and the tracking accuracy was improved. The comparative experiments indicated that the position controller and the pressure controller have higher tracking accuracies. In a single work cycle, the VSP-SMEHSS system can reduce energy consumption by 44.6% as compared to that of the EHSS.
